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FOREWORD 

VLF- Project  I r.i  F61052-69-C-0007. 

Report  submitted  on  1  Sept.  1970. 

The  atudies  on  the  propagation  of  VLF  wares  which  have  been 
conducted  for  the  past  10  years  under  the  supervision  of  Dos. 
Dr.  V.  Bittorlioh,  Bade  it  neoeesary  right  fron  the  beginning 
to  oonduot  continuous  and  intensive  examinations  on  the  con¬ 
struction  of  suitable  transmitting  and  receiving  antennas. 
During  this  period,  numerous  types  of  antenna  have  been 
ocloulated,  constructed  and  tested  under  various  conditions. 
The  results  of  these  studies  ehall  now  be  reported  in  brief. 
Derivations  and  equations  ehall  mot  be  given,  quotations  of 
reports  and  publioations  shall  be  made  which  deal  with  the 
respective  problems. 

ABSTRACT 

This  is  a  description  of  all  the  transmitting  and  reoeiving 
antennas  that  have  been  used  for  VLF  project  studies.  The 
antenna  efficiency  is  discussed  and  helical  transmitting 
antennas  are  described  in  a  special  chapter.  Varione  dia¬ 
grams  plotted  in  accordance  with  the  described  antenna 
measurements  are  given. 
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Z 
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I.  Introduction 


Although  g.oai  ««b  taken  in  ransmitting 

information  through  the  earth'*  cruet  by  means  of  electro¬ 
magnetic  naval,  thie  field  of  research  was  fairly  new  terri¬ 
tory.  Since  the  earth's  oruet  represent*  a  dielectrio  with 
heavy  losses,  or  a  more  or  less  conductive  medium,  it  was 
necessary  to  uac  low  frequencies  for  covering  great 
distances.  In  this  connection,  teohnioal  difficulties  arose 
when  low  and  very  low  frequencies  Of  the  electromagnetic 
spectrum  were  used. 

Boeidee  external  disturbing  influences  (electromagnetic 
disturbing  field  produced  by  the  sun,  in  the  atmosphere,  and 
by  technical  equipment),  which  must  be  eliminated  ae  far  as 
possible,  the  conatruction  of  "handy"  antennas  which  are  small, 
but  effective,  is  one  of  the  greatest  problems .  As  compared 
to  the  wavelength  (wavelength  at  to  kHz  in  vacuum  for 
example  is  JO  km),  such  antennas  must  always  be  very  small, 
l.s.,  their  efficiency  will  aleo  be  very  email.  These  problems 
are  the  same  for  transmitting  and  for  receiving  antennas. 

Furthermore  the  problem  muet  be  solved  whether  to 
use  slsotric  or  magnetic  dipole  Antennas.  For  the  case  of 
receiving  antennas,  this  problem  may  be  decided  upon  by 
brief  calculations  ana  technical  considerations  [l  ,  2]. 

Let  the  transmitting  field  strength  at  the  point  of 
reception  be  arbi trarly  chosen  ae  Eepp  -  50  mill!- 
volts/a.  At  the  receiver  side,  there  ie  at  first  an 
electric  dipole  with  an  effective  height  of  hefj>  ■  2  a. 
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The  above  dipole  oan  be  materialized  by  a  vertical 
wire  of  2b  length,  ground* d  at  one  and,  having  a 
horizontal  antenna  branch  of  6  ■  at  its  nppar  and. 

The  voltage  induced  in  the  dipole  than  ia  0^^.  ■ 

-  X  -  100  millivolts. 

The  radiation  resistance  at  a  frequency  of  f  •  10  kHa 
(K  -  30  km)  ia  the  following! 

h  ..1  , 

R  -  160  w*  (“f**)  -  7  *  10  ohma. 
o 

Let  the  magnetic  dipole  be  a  frame  antenna  with  an 
area  of  F  •  0.75  m*  and  a  number  of  turna  n  -  140.  The 
effective  height  mow  reads 


2anP 


eff 


a  3  mm. 


The  radiation  reaistanoe 

h 

a 

R 


00a*  (-~)2  a  8  .  1010  ohma. 
•  Ao 


The  induced  voltage  is  the  following! 


TI  .  •  0.1*.  mi  1 1  i volte . 
elf  ' 

This  result  suggests  that  the  elootrio  dipole  ia  to  be  pre¬ 
ferred,  since  the  voltage  induced  in  it  is  much  higher,  fat, 
the  use  of  magmatic  dipole  an*..;  anas  ia  more  favorable,  since 
the  induoed  antenna  voltage  uay  be  fully  utilized  as  input 
voltage  for  a  subsequent  amplifier.  Tuning  to  resonanoe  ie 
also  sasily  possible,  so  that  the  useful  voltage  ie  still  in¬ 
creased  by  Q. 

In  the  oase  of  transmitting  antennas,  a  decision  is 
not  so  easy,  ainoe  hero  the  surrounding  medium  also  has  soms 
influence.  Thus,  it  has  been  found  out  for  example  [3j  that 
if  the  wave  numbersk*  (*,  <T,  t  )  are  very  small,  the  electric 
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dipols  i s  preferred  as  a  transmitting  antenn#  under  the  con¬ 
dition  that  the  production  o f  An  adequate  Antenna  current  is 
poeeible  at  the  has#  transmitter  power  aa  in  the  oaae  of  a 
aimilar  magnetic  dipole0 

The  transmitting  current  Bay  ha  inoreaaed  by  tuning 
to  xuaonanoe,  the  antenna  representing  the  inductance.  Tuning 
to  reaonanoe  in  the  oaae  of  a  magnetic  dipole  is  conducted 
either  by  means  of  capaoitancea  in  a  parallel  or  series 
reeonant  circuit,  or  by  using  self-resonant  antennae.  In  the 
LF  region  and  seen  nore  so  in  the  VLP  region,  anoh  self¬ 
resonant  antennas  of  small  dimensions  are  wary  difficult  to 
oonatruot.  This  problea  ie  dealt  with  in  Chapter  111,  helical 
antennae o 


II.  Transmitting  aatennae 


In  the  VLF  region,  eleotroaagnetic  fielda  produced  by 
antennae  that  car.  he  built  in  practice,  may  be  described  by 
equations  for  the  hertz  dipole,  since  the  condition  that  the 
antenna  auat  be  small  as  coaparsd  to  the  wavelength,  is  satis* 
f i id  only  too  well.  For  the  electric  or  magnetic  dipole  th«i 
following  relations  are  valid  (for  reasons  of  sicpllclty,  only 
the  dependenoe  of  quantities  is  given  that  nay  be  chosen 
arbitrarily) « 

Er,  Ejf  Hy  I»dl  and  Hr,  Ht,  Ey,  **  n.I.F,  respectively , 

I..,  antenna  olrouit,  dl...  length  of  antenna 

n.o.  number  of  turns,  F  antenna  cross  section. 
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If  the  antenna  length  and  oro«*  aeotlon  art  limited  (e.g.,  by 
the  gallery),  the  field  strength  component*  may  be  inoreaeed 
only  by  inoreaeing  the  antenna  current.  Tiua ,  however,  i* 
also  limited <  in  an  eleotrio  dipole  owing  to  the  oapaoitanoe 
between  the  ends  of  the  dipol*  and  owing  to  amtotuu.  voltage, 
whereas  in  a  magnetic  dipole  owing  to  losses  in  the  winding. 
The  increasing  antenna  indue tanoe  also  pats  a  limit.  [4J 
What  antenna  type  ia  to  be  preferred  for  th*  fre¬ 
quency  region  in  question  shall  b#  examined  In  the  present 
chapter  by  compering  the  radiated  energies  £5}*  this 
purpose  it  must  be  taken  into  aooount  that  an  antenna  in  air 
elcotrically  may  be  looked  upon  as  a  combination  of  its  ohmic 
resistance  and  radiation  resistance*  In  air  or  in  vacuo,  the 
radiation  resistance  le  determined  by  integrating  the  Pointing 
vector  in  the  far  field  over  a  spherical  surfaoe  of  any  site 
around  the  antenna.  Division  of  this  integral  by  the  square 
maximum  current  yields  the  radiation  reeietanoe.  In  an  antenna 
embodied  in  a  conducting  medium,  the  resistance  produced  by 
the  surrounding  medium  must  still  bo  added.  Experience  shows 
that  this  resistance  is  larger  for  an  elaotric  dipole  than 
it  is  for  a  magnetic  one,  except  for  the  oase  of  k^m,  S',  g,) 
being  small  (cf.  introduction). 


Calculating  the  energy  flux  through  a  spherical  sur¬ 


face  having  tho  radius  r,  we  obtain  [[53* 
1 .  For  the  electric  dipole 


Wfi 


or  if  r  >>X 


r^l  T 


9 
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vith  W*  ■  40*^ )  being  the  value  fox*  vaeui uu 


2.  For  the  Magnetic  dipoles 


**•<¥> 


2  -4*  r/x 


[’**] 


or  if  x 


«■  „  «»  .-4*  rA- 

r»A.  "  %  2*  * 

2 

with  »*  -  */}Z  (^~)  being  the  value  tor  Tun»( 

v  At 

S  -  (eii/2)1^2,  Z  c.e  wave  resistance  «  (for  other  eyn&ole 
see  Hot  of  syabols  and  abbreviations^ 

bet  us  nov  tisuie  that  there  is  a  radius  r  eo  that  the 
energy  flux  of  the  two  dipole  types  through  a  ephcrloal  sur¬ 
face  of  the  ease  radius  la  equals  Ve  nay  thus  coupe re  the 
eleotrio  and  nagnetic  energy  flux 


Wr  18>109  ) 


in  vacuo* 


For  another  radius  r'v  this  comparison  ear  be 
a  sodium,  thus  yielding 


■ads  also  for 


ll  II  19  109  #  Mr'^ 


W*  1“ 

v 


Substituting  W*/W^  as  above,  we  obtain 

®  *>■,(*•')  b2(r) 
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Aeeuaing  that  r'»A.i  we  obtain  the  following  expression! 


i! 

w* 


This,  hovsvor,  means  that  W>*«  . 

To  this  result  it  Bust  b#  added  that  this  Inequation 
is  valid  only  if  6"  and  £  assuaa  certain  values.  As  has  been 
shown  in  [5]  ,  the  inequality  is  valid  for  the  used  frequencies 
and  conductivities.  As  a  result  it  may  bo  said  that  even  if 
the  energy  radiation  of  the  elsotrio  dipole  in  air  exoeeds 
that  of  the  magnetic  dipole  by  several  powers  of  ten  (of.  the 
subsequent  calculation) ,  in  a  conductive  aediua  it  will  only 
be  a  fraotion  of  its  value. 

This  statement,  however,  holds  only  with  sobs  other 
restrictions!  e  snail,  r  >  A. .  A  deoision  of  what  typw  of 
antenna  is  to  ba  used  is  still  open.  The  question  arises, 
whether  antennas  in  a  dissipative  aediua  nay  be  oonpared 
generally,  or  whether  exaot  data  is  nsoessary  for  the  con¬ 
ditions  of  their  use.  Do  optiaua  antennas  sxist  at  all?  Let  ae 
desoribe  then  as  a  structure  permitting  the  transmission  of 
information  ovsr  a  requested  distance  in  a  dissipative  nedium 
at  minimum  transmitter  power. 

If  we  want  to  oompare  various  antennas,  oertain  re¬ 
strictions  must  be  made  as  to  ths  conditions  under  which 
they  are  to  be  used  [3] « 

(0  Requirements  for  flexibility  of  frequenoy,  sufficient  band 
width  and  local  mobility  shall  be  completely  neglected. 

(2)  The  properties  of  the  surrounding  medium  muet  always 
be  constant. 

(3)  The  frequenoy  must  be  constant. 

(4)  The  oavities  in  the  lossy  medium  that  surrounds  the  antennas 
must  always  have  the  same  size  and  shape. 
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(})  fhe  antennas  themselves  must  hare  about  the  aajac  alia. 

(()  Tba  antennas  must  oparata  under  cone taut  power  conditions. 
(7)  The  input  raalatanoa  of  the  antennae  to  be  ooaparad  auat 
be  known. 

This  ehowa  that  a  number  of  conditions  must  be  satis¬ 
fied  In  order  to  perait  a  uasful  ooaparison  between  various 
antennae . 

in  axaaple  ie  going  to  deaonetrate  how  low  the  eaittad 
power  actually  ie  ae  compared  to  the  power  required  when  ueing 
antennae  that  are  snail  coapared  to  the  wavelength. 

The  portable  transacting  unit  with  antenna  31  XI 
desorlbed  In  [6]  (of.  Chapter  VI. ,  list  of  antennae)  had  the 
following  data  of  operatlont 

f  »  120  kHi  (which  corresponds  to  a  vacuus 
wavelength  of  A.„  -  2.5  ka), 

IQ  «  1*4  a*  antenna  reeonanoe  current  reached 

by  tuning  to  reeonanoe  by  capacitors, 
E  -  0.5  ohas  antenna  resistance 
n  ■  16,  number  of  turns 
F  «  1.5  b'  ,  area  of  cross  section. 

The  power  put  into  the  autenna  was  5. 4  watts.  The  wavelength 
for  a  aedlun  with  an  a* eased  dielectric  constant  o f  t  *  10  is 


A  -  0.8  ka,  since  A  ■ 


P  -  1 


The  emitted  energy  ie  obteined  froa 


The  radiation  reels tanoe  R  •  8  «^(~~)  according  to  the 

5  xv 

above  data  yields 


R,  -  4.4 


-1) 

10  ohms, 


with  the  effective  height  being  »  -z  -  oa.oulated  froa 

beff  "  °-  19  *• 
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Tht  radiation  resistanos  is  smaller  than  the  total 
obnic  losses  by  powers  of  tan.  As  it  la  an  essential  quantity  in 
the  equation  of  emitted  power,  the  latter  is  also  vary  low* 


4,5 


IQ*5  watts. 


Por  better  comparison,  the  power  emitted  by  a  simple  vertioal 
dipole  10  m  high  is  being  calculated.  The  operational  data 
is  the  same  as  above. 


The  formulas  for  calculating 
taken  from  [?!• 

1.  -  157»<V>J  •  Vf  -  i  ■ 


and  have  been 

1  -  oos  (dh) 
sin  (o&h)  * 


with  oia  2k/.\  and  h  -  10«i(  height  of  the  eleotrio  dipole). 

With  the  above  values  we  obtain 

heff  *  5  " 

_2 

R0  -  6,2  •  10  ohms,  and 
W*  e  6  •  10~2  watts. 

Both  O&lQUlfitiCSS  hgLT»  hwun  ■*^t|  £  nr  th«  Condition! 

of  an  air-filled  space,  for  which  the  eleotrio  antenna  is 
olearly  advantageous.  For  antennas  embedded  in  a  medium,  W*>W* 
is  valid  as  Bhown  above,  l.o.,  the  Magnetic  dipole  is  more 
favorable.  The  shorter  wavelength  for  a  medium  (o  -  10)  has  been 
used  instead  of  the  vacuun  vavelongth  so  that  the  ratio  antenna 
length/wavelength  need  no  longer  be  taken  into  aooount  when 
oomparing  the  energy  emission  in  vacuo  (or  air)  and  in  a  medium. 
Only  a  fraction  of  the  totaL  antenna  power  is  available  for  its 
aotual  radiation,  the  rest  is  consumed  'iy  ohmic  resistances . 
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Tho  antonna  effioionoy  1*  thus  «ry  lav  with  tho  given 

arrange sent. 

Purtheraore,  the  above  definition  of  the  radiation 
reeletanoe  and  of  the  offiaioaey  faile  if  the  antenna  le  located 
in  a  ae Aina.  In  a  lossy  median,  the  Integral  depend*  on  the 
epberioal  radine,  i.#.,  a  r.^lue  arbitrarily  large  oan  no  longer 
be  poraittad.  The  only  factor*  that  nay  be  ooapared  in  the 
radiation  field  of  antenna*  are  the  ooapenent*  of  the  eleotrio 
or  aagnetio  field  etrength  and  their  combinations  in  phaee. 

Theee  few  ooneideration*  have  already  shown  that 
the  preblea  of  an  optimum  antenna  for  a  certain  aediua  cannot 
be  eolved  in  thie  general  fora.  A  eolutioa  of  this  preblea 
would  be  easier  if  the  influence  of  all  factor*  on  the  input 
resistance  of  tho  antennu  were  kx.own  precisely 0  A*  it  aay 
also  depend  on  the  shape  and  else  of  tho  oavity,  an  input 
reeletanoe  ae  suitable  a*  possible  (i.e„,  a  low  one  in  aost 
oases)  is  not  only  a  teohaic-al  problem. 


111  £id  latLiSj&BR&a 

It  has  besn  Mentioned  at  ths  beginning  that  the  use  of 
self-resonant  antennae  is  a  way  of  inoreasing  the  antenna  ourrent. 
Thair  input  lapadanoa,  however,  is  not  easily  adapted  to  a 
feeder  line  or  a  transmitter  output,  einoe  the  self-resonant 
frequency  of  such  antennae  (if  they  are  saall)  is  auch  higher 
than  the  operational  frequency . 

Preliminary  examinations  of  saall  helical  antennae 
showed  that  thie  shape  proluoee  self-resonant  phenomena  in  the 
desired  frequency  reg ior  ' .  Lui,aveo  in  hie  report  [V]  triod 
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to  find  a  relation  botween  the  antenna  diaaaaiona  (length, 
diameter,  pitoh,  wire  thiokneee,  insulating  Material)  and  the 
aelf-impedanoe  or  raaoi  ant  frequency  and  the  field  structure  in 
the  surrounding  Medium*  Yaxiuu*  antenna*  war*  built  unu  thvir 
properties  were  studied  above  ground  and  in  the  nine,  in  air  and 
in  water.  This  chapter  is  going  to  review  in  brief  the  possi¬ 
bilities  of  calculating  theoretically  osall  helical  antennas. 

For  the  purpose  of  calculating  the  phase  velooity  and  the 
wave  resistance  of  a  helix,  a  network  model  is  used  (aooording 
to  H£YHI3CH  [d]  )  of  unit  quadrupol*s,atating  the  mean  inductance 
and  oapaoitanoe  per  unit  length  (Fig*  l). 


Am 


P'i 

T 


w  I  r < 


Pig.  1  illustrates  the  antenna  gsonstry  as  follows i 

21  ...  total  axial  antenna  length  [V} 

2  a  ...  antenna  diameter  (center  to  oenter  of  wire)  [V] 
e  , pitoh  (oenter  to  oenter  of  wire)  jjn] 

Y  pitoh  angle  [degrees! 

a  .  total  nuaber  of  turns 

....  wire  radius  without  insulation 
p0  ....  wire  radius  with  insulation. 


On  the  whole,  the  antenna  la  an  air  ooll  with  open  ends, 
separated  and  syamwtrio&ily  red  in  vhe  mldfle.  Thia  method 
of  feeding  need  not  be  the  beet  one,  bet  owing  to  the  symmetry 
and  absence  of  grounding  probleaa  it  is  the  eiapleet  method, 
theoretically  and  experimentally* 

An  alternating  current  flawing  through  the  antenna 
leads  to  a  perlodlo  setting-up  and  breaking-down  of 
opposite  voltages  to  the  left  and  to  the  right  «f  the  antenna 
center  In  accordance  with  a  mutual  oapaeitanoe  of  the  two 
antenna  halves,  with  an  inductive  resistance  0 y  the  magnetic 
field  It  produoee*  Ve  thus  obtain  a  swan  induo tanoe  (£.)  and 
a  mean  uapaoitanoe  (C^)  per  axial  unit  length*  The  mean 
axial  phase  velocity  of  the  ourrent  thus  reeds 

-l/2 

Ae  the  two  ends  of  the  antenna  are  open,  they  refleot  the  ourrent 
Ideally  (current  nodes)  thus  oausing  the  formation  of  standing 
waves.  The  lowest  axial  reeonanoe  is  chaxaoterissd  by  a 
oarrsnt  bulge  in  the  middle  and  mero  ourrent  at  the  ends. 

In  this  oase,  the  axial  wavelength  is 


\  -  4  1. 


The  lowest  corresponding  resonant  frsqusnoy  is 


r 


a 

4  1  ' 


In  [jj  a  formula  is  derived  in  detail  for  calculating  the 
input  resletanoei 

J  Cl-1  s2  51S*1  r  , 

E0  ‘  Z\  "2  +  8*g  .1  J+  T“  [oh^*]  • 
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The  vtTv  resistance  Z  thus  holds  •  key  position  so  that  it  sill 
bu  kept  aa  small  aa  possible  in  order  to  asks  the  input  re¬ 
sistance  as  los  as  possible. 

Furthermore,  formulas  were  found  for  oaloulating  the 
resonant  frequency  and  the  wave  resistance.  Since 

'  ’A.  ■  1/4-lft^  2  - 

it  was  necessary  to  oaloulate  at  first  and  C^.  While  the 
calculation  of  involved  uo  diffioultiss  -  at  low  frequencies, 
the  induotanoe  of  a  long  air  coil  may  be  need  -  the  calculation 
of  S1  yielded  a  diaorepanoy  between  theory  and  experiment 
(about  JOjt),  This  was,  because  the  "input  region"  of  the  antenna 
had  not  been  taken  into  account  whioh  in  the  oase  of  a  helical 
antenna  is  forasd  by  the  two  oentral  turns,  contributing  to 
the  oapaoitanoe  much  more  than  had  been  expeoted.  Thus, 
another  term  had  to  be  added  to  the  formula  for  C1  whioh 
takes  into  account  the  oapaoitanoe  of  the  input  region. 

In  order  to  on  the  ono  han<i  reduce  the  resonant  fre¬ 
quency  of  the  antenna  at  oonstant  dimensions  and  on  the  other 
hand  check  the  theory  of  input  lmpedsnoe,  the  antennas  were 
also  located  in  a  oavlty  filled  with  water.  The  antenna 
induotanoe  thus  is  not  changed,  whereas  the  oapaoitanoe 
is  increased  considerably.  The  resonant  frequency  decreased 
by  one  to  two  powers  of  ten,  the  aean  ware  resistance  also 
deoreaaed. 

For  the  current  and  voltage  distribution,  the 
following  conditions  were  founds 


W.\  W.\  _  /  .  „  \ 


er/e  \ 


-i  P(o)  -i  U(o) 
sinh  fi  r*  6  1 


If  fl  1^1 

cv  “  2k/,\  •  phase  oonstant,  fi  ...  attenuation  oonstant. 
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The  ourrent  distribution  fonru  til*  effective  magnet lo  moment 
of  tb*  antenna  and  thus  also  the  magnetic  induction  produced 
b y  the  antenna  at  a  certain  point  of  measurement. 

for  calculating  tha  far  field  v*  also  use  a  model. 
WHKELER  £ 9]  thus  describes  th*  far  field  of  self-resonant 
helloal  antennas  as  a  combination  of  magnetic  and  eleotrlo 
dipoles  in  vacuo. 


Pig.  2 


Pig.  2  shove  %  method  of  separating  every  turn  of  the  hvlloal 
antenna  into  two  "radiating"  components >  one  axlml  distance 
equal  to  the  pitch  s,  and  a  circular  loop  having  the  area  A, 
normal  to  the  halioal  axle.  The  electric  dipole  therefore 
is  assumed  to  bs  the  distsnoe  n»e  -  2»1,  the  magnetic  dipole 
is  assumed  to  be  the  eum  of  all  area*  -  n.A.  The  length  of 
the  electric  dipole  may  be  very  email,  if  the  winding  is  tight. 
The  above  assumption  is  based  on  the  condition  that  tb*  antenna 
dimensions  are  small  a*  compared  to  the  wavelength,  which  in 
the  present  case  has  been  verified.  Both  dipole  component* 
have  the  same  direotion  of  axis.  If*  obtain  three  components 
of  eleotrio  field  strength  and  three  components  of  magnetic 
induction,  iteasuremenis  were  made  only  of  the  magnetic 
components,  which  proved  to  be  favorable  (cf.  Chapter  IT,  re¬ 
ceiving  antennae).  The  equations  for  the  field  strength  compo¬ 
nents  have  been  colleoted  in  [3]*  The  wave  number  k  contained 
therein  is  replaoed  by  the  complex  wave  number  k*  for 
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tiuu  vu  * 


J  -i  —  _  J - a.  J - -  J  4 - - 

BVUAUBI 


k.  -  lk« 


k1  ...  phase  constant,  k^  ...  attenuation  constant. 

?or  oheoking  the  theoretical  results,  nun# roue  helioal 
antannaa  have  bean  built  with  different  nunbera  of  turns  and 
different  lengths.  The  radiation  fields  they  produce  were 
studied  in  detail.  The  antennas  were  set  up  abore  ground,  as 
well  aa  in  nine  galleries  filled  with  air  and  with  water, 
respectively .  The  helioal  antennas  haws  not  been  used  as  re¬ 
ceiving  antennas,  beoauae  they  are  cluasy,  highly  sensitive  when 
being  approached,  and  owing  to  their  self-resonanoe,  their 
frsquenoy  oan  be  varied  little, 

Tho  first  helioal  antenna  for  this  project  was 
built  by  W.  BITTKRLICH  in  1964  end  was  operated  at  110  kHs  in 
a  basin  filled  with  water.  This  antenna  as  well  as  a  number  of 
other  antennas  were  based  on  the  following  oiroult  diagram  (J0]i 


The  problems  that  arlee  with  thie  nethod  of  feeding  (at  the  end) 
and  grounding,  so  far  have  not  bets  solved  satisfactorily. 
Consequently,  synaetrioally  fed  antennas  with  open  ends  were 
used  for  further  examinations.  (treat  oar#  was  taken  when  measuring 
the  impedance  of  the  helix,  since  this  quantity  must  be  known 
for  optimum  adaptation  to  the  generator. 
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The  following  cad-fad  antennas  acre  built  and  taatadi 
WA  1,  WA  2,  VA  5,  VA  4  (for  datailad  data  caa  Cahptar  Vi),  The 
lowest  resonant  frequency  of  24  kHs  was  found  in  WA  5 •  Atvemptu 
rara  aada  to  further  raduoa  thia  raaonaat  frequency  value  by 
putting  aaall  induotanoaa  into  the  antenna  winding.  The  re¬ 
sult  was  good,  but  the  simultaneous  decrease  in  impedance 
toward  the  point  of  resonance  was  not  distinct  enough.  For 
the  largeat  distanoa  that  could  be  ooverad  (700  a)  the 
data  was  the  followingi 

Antennal  WA  5|  frequency!  24  kHs|  mediums  t  -  10}  trans¬ 
mitter  power »  95  watte j  angle  between  helix  and 
ferrite  antennal  -  40°}  receiving  actennai 
ferrite  antenna,  50  cm  long}  field  strength! 

(4.36  .  0.2M0-12  ,ol*< ;  . 

m 

Symmetrically  fed  antennae  were  tested  on  the  following  model  p(J  t 
H  840,  H  200,  H  600,  S  772,  H  1 362  (for  detailed  data  eee 
Chapter  VT^  The  example  of  E  772  which  yielded  wary  good 
results  is  used  to  ehow  the  relation  between  theory  and 
experiment. 

H  772 


theor. 

1  -  1,01  a 

£r-i  "  1iA 

»  -  i/2*  m 

exp. 

AW  (*) 

L^wH/mJ 

14,7 

14,2 

«■  5,5 

S  LPp/*l 

}2,?+18 

,0  -  50,2 

51,0 

-  1,5 

2  jk  ohms] 

17,1 

1)6,7 

+  2,6 

r_  [hLHi] 

R0  t>h*§l 

B  [■-!] 

Q  quality 

r* 

eTi 

CM 

294,2 

85 

5,09  .  10“? 
?18 

**  1.1 

b  (kEsl  band  width  0,925 
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Table  I  sad  Fig,  4  show  the  input  inpedanoe  of  H  772  aa  da- 

w  nu  <]  *««  MM  n  M  AtA  rt 

pvau«M  V  v«  A  a  vtjuaav/  • 

The  result  of  measurements  with  9  77'^  W  (W  for  water) 
is  to  show  tha  ohange  of  properties  of  an  antenna  submerged 
in  water*  (Table  II  and  Fig.  5)« 

H  772  W 


61 

2 

H  (ohms] 

B°  b"1] 

Q 

b  QcBsl 


water 

5,48 

141  nF/n 

322  ohms 
122 
0,579 
3,66 
1,5 


air 
294,2 
51,0  pF/n 
1 6 , 7  k  ohms 
85,0 

5,09  •  10-5 
318 
0,925 


Mot6  the  extremely  low  resonant  frequsnoy  (5,48  kEs)0 

Sunning  up  the  results  we  nay  say  that  theory  nay  be 
used  for  explaining  the  phenomena  observed  in  the  xv  ion  of 
lowest  resonant  frequency.  Ware  resistance  and  resonant 
frequency  nay  be  oaloulated  in  advance  when  using  a  carefully 
constructed  antenna.  The  input  resistance  at  resonance  and 
all  the  quantities  resulting  frost  it  cannot  be  calculated 
precisely.  Yet  we  nay  say  that  the  following  types  are  pre¬ 
ferreds  antennas  whose  length  is  large  as  compared  to  their 
diameter  and  antennas  that  have  a  great  pitch.  These  re¬ 
quirements,  however,  contradict  the  desire  for  low  resonant 
frequency.  Hence,  a  compromise  must  again  be  made. 

The  diatanoem reached  with  the  above  antenna  arrangement 
are  of  interest  lor  communication  through  the  earth's  orustt 
k  distance  of  600  n  through  dolomite  rock  was  reaohed 
with  H  772  at  an  antenna  current  of  600  milliam.  (transmitter 
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F 

CKH2J 


«  C 

t*  fIF] 


lev 

15o,oo 
Sbo.oo 
26o,oo 
27©»oo 
275.09 
38c, 00 

265,00 

267,00 

269,00 

29o,oo 

292,oo 

2,*r(uu 

294,% 
3to2,oo 
3»5,oo 
33b,  00 
332,oo 
354,oo 
36(5,00 

4co,oo 


5°o.ooo  o,o5! 
3w,ooo  0,053 
25a, oco  0,062 
3b°,ooo  o,o98 
111>®oo  0,162 
5o,ooo  o,2l3 
39,ooo  o,2d2 
*>.000  o,J67 
15,ooo  o,4o7 
ll.ooo  0,456 
k.ooo  0,560 
2,olo 

°»25o  3,ooo 

0,065  o' 

*»&»  -o,274 
l69,ono  >0,129 
4ol,ooo  >©,oi8 
93,ooc  -0,1 13 
36o,ooo  0,00 9 
5»,  loo  0, ,  ^9 
22.390  0,096 


INPEOMZ  El  HER  MENDEL 


RE  Z 
tK  OHM] 


,K  *  BETR  l 

tK  OHN]  [k  OHNJ 


,194/*ol 

,133/tol 

.«57/*<*> 

»194/kio 

,119/too 

«147/*oo 

,134/too 

»lo3/«oo 
,122/ *00 
.  1 3l  /  00 

,95l/-ol 

Do  o  t 
iwia/*o[ 

,856/-oi 

.849/-01 

,927/-oi 

•967/-oi 

,189/wl 

,126/ to  2 
,680/tol 
,986/too 
,747/. JO 


-,31o/to2 
“ » 199/-*o2 
-,128/«o2 
-,624/tol 
-,353/tol 
*.27o/tol 
-,2oo/*ol 
-,143/h»1 
*,135/*ol 
-,119/tol 
•»97o/too 
“,396/ too 
-,  U8/+00 
o 

,19i/k>1 
,4o4/h>1 
.275/^2 
,3l8/*o2 
-,49o/to2 
-,695/tol 
•  .4oo/h>i 


.311/^2 
»199/to2 
,  128/.02 
,624/tol 
, 363/ to 1 
,27l/toI 

,%>l/*ol 

,143/ hi  1 
,135/tol 

,975/ too 
,4o4/h» 
»146/«oo 
,649/-ol 
, 192/tol 
,4o4/tol 
.275/*o2 
, 342/*o2 
,494/t©2 
,7o2/tol 


0  R£  *  6  IN  Z  0  BEIR  Z 


®.o7o  o,l lo  0,1 lo 
®.®7o  o.llo  o,lo9 
°.®7o  o.llo  o.tio 
°.®7o  o.llo  0,110 
°.«7o  o.llo  o,lio 
°,o7°  o.lio  o.lio 
°.°7o  o,  lio  0,lo9 
°.o7o  o,lio  o,lo9 
®.o<59  o,lo9  o,lo9 
0.069  o,lo9  o,lo9 

O.oto  A  l-A 


0,067 

0.I07 

r 

°,lo5 

o,o43 

0,083 

0,069 

o.olo 

o,o5o 

o.olo 

o,o7o 

o.llo 

o.llo 

o,o7o 

O.llo 

0,110 

o,o7o 

0,110 

o,lo9 

o,o59 

o,o99 

o,o94 

*•  *>68 

o,lo8 

o,lo8 

0,068 

o,lo8 

o,lo8 

0,067 

o,lo7 

o,  I06 

200  250  300  350  <00 

f  [kHz] 
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F 

R 

C 

£  KHZ  J 

[K  OHM j 

[NFJ 

3foo 

0,485 

84, 3bo 

4,oo 

o,336 

92,3oo 

5,oo 

0,167 

80,700 

5,2o 

o,l42 

57,7oo 

5,4o 

o,127 

ao.ooo 

5,48 

o,123 

*0,880 

5,6o 

o,122 

-28,000 

5.8o 

o,130 

-71,ooo 

6,oo 

0,151 

-95,ooo 

7,oo 

0,364 

•74,230 

8,oo 

o,536 

-45,100 

9,oo 

0,678 

-29,6oo 

to,oo 

o,83o 

*19,2oo 

12,oo 

0,963 

-7,2oo 

l4,oo 

0,899 

5,loo 

l6,oo 

0,588 

9,ooo 

l8,oo 

o,368 

8,2oo 

19.9o 

0,312 

1,o5o 

2o,oo 

o,345 

-l,85o 

22,oo 

o,569 

-5,o9o 

24,oo 

0,67c 

•2,8oo 

26,oo 

o,?l6 

26,oo 

o,726 

o,lo8 

3o,oo 

o,7ll 

1,100 

32,00 

9,666 

2,o5o 

34,oo 

o,582 

2,79o 

36,oo 

0,479 

3,12b 

36,oo 

o,4o6 

2,650 

4o,oo 

0,371 

o,l46 

42,oo 

0,426 

-l,59o 

INPED4NZ  FINER  MENDEL 

RE  2 

IN  l 

BETR  Z 

[K  OHM] 

[K  OHM j 

[K  OHM  J 

,3o4/+oo 

-,234/too 

,364/too 

,2o9/+oo 

-,162/ too 

,265/too 

,l4l/*oo 

-,599/-ol 

,153/ too 

,132/ too 

-,354/-oJ 

,137/too 

,126/too 

-,lo8/-ol 

,126/too 

,122/too 

,458/-o3 

,122/too 

,12o/too 

tl44/-ol 

,12l/too 

,U6/too 

,  392/-ol 

,123/too 

,116/too 

,63l/-ol 

,132/ too 

,15o/too 

,179/too 

,234/too 

, 216/ too 

,262/ too 

,34o/too 

,296/ too 

,336/ too 

,446/too 

,4l4/too 

,4l4/too 

•586/too 

,756/too 

1 395/too 

,853/ too 

,773/ too 

*,3ii/too 

,833/too 

,458/too 

-,243/  too 

,519/too 

,343/ too 

,23/ too 

,365/ too 

,31l/too 

-,127/-ol 

,31l/too 

,342/ too 

,274/-ol 

,343/ too 

,49o/too 

,196/too 

. 528/too 

,62o/too 

,175/too 

.644/too 

f  7o3 / 

,93u/-ol 

,?c9/too 

,725/too 

-,loc/-ol 

,725/too 

,695/too 

- , lo2/too 

,7o3/too 

,619/too 

-,17o/too 

,642/ too 

,519/too 

-,  180 /too 

,549/ too 

,429/ too 

-,145/too 

,453/  too 

,38o/ too 

-,978/-oi 

,393/too 

,37o/too 

-,5o4/-o2 

,37o/too 

,4l4/too 

,744/-ol 

,421/too 

D  RE  Z 

0  IN  Z 

0  BETR  Z 

o,o25 

0,065 

o,o4o 

o,o25 

0,065 

o,o4o 

o,ol6 

0,056 

o,o22 

o,ol3 

o,o53 

0,015 

0,010 

o,o5o 

0,011 

o,olo 

o,o5o 

0,010 

o,oll 

o,o5l 

0,011 

o,ol4 

o,o54 

0,018 

o,ol9 

o,o59 

o,o28 

0,037 

o,o77 

0,060 

o,o38 

o,o78 

o,o62 

o,o35 

o,o75 

0,058 

o,o3o 

O.b/c 

o,o5o 

0,019 

o,o59 

o,o27 

0,016 

0,056 

o,o21 

o,ol9 

0,0  59 

o,o28 

c,ol5 

o,o;l5 

o,ol9 

o.olo 

o.ijo 

o,olo 

o,olo 

o,o5o 

0,011 

o,ol6 

0,056 

o,o21 

o,ol3 

o,o53 

0.0I6 

o,all 

o,o51 

0,011 

o.olo 

0,050 

o,olo 

o,oll 

0,051 

o,ol2 

o,ol3 

0,053 

o,ol6 

o,oi4 

o,o54 

o,ol9 

o,ol4 

0,054 

o,ol8 

o,ol2 

0,052 

o,ol5 

o,olo 

o,o5o 

o.olo 

0,011 

o,o51 

o,ol2 
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power  21  watt* )  and  a  frequency  ef  kls. 

A  dlstanow  of  1,6  ka  (whior  U  the  greatest  length 
possible  in  out  terrain)  was  re*.  £vw5  with  S  772  W  imb- 

merged  in  water)  at  a  frequency  oi  5,5  kHs  and  an  anten.'v  on-van t, 
<T  about  400  milllanp*  ( transui f -t-.r  power  21  watts).  1‘b 1  t 
I'cupariaon  shows  that  the  sane  antenna  shows  better  result* 
wUeiri  the  resonant  frequency  is  rodnoed. 


1?'  BawlTiM  antennas 


In  Chapter  I  it  has  already  been  said  that  magnetic 
dipoles  are  well  suited  receiving  antennas.  The  most  favorable 
types  shall  now  be  dasoribed  [j] . 

The  voltage  induced  in  a  frame  antenna  is 

"ind  "  **•»'*•» 

with  f  being  the  frequency,  S  •  magnetite  induction,  n  -  number 
of  turns,  F  -  antenna  area.  The  quantities  that  may  be  arhi* 
trarily  chosen  when  oonstruotlng  an  antenna  are  the  number  of 
turns  and  the  antenna  area  which,  however,  should  both  be  «•- 
■L&rgw  ae  possible.  An  iuoreus*  of  ths  number  of  turns  causes  mi 
Increase  of  the  losses  of  the  resonant  circuit,  if  tl  «* 
antenna  represents  the  indue tanoe  of  a  parallel  resonant 
circuit  (Fig.  6). 


ia 


A  large -area  frame  antenna  is,  however ,  highly  sensitive  to 
touch,  a  foot  whioh  ie  very  disadvantageous  during  so-called 
directional  measurements .  The  area  *uat  therefore  be  reduced 
to  a  minimum  whereas  the  reduo tion  of  induoed  voltage  oaueed 
by  it  must  be  oompenaated  by  using  ferromagnetic  material  of 
high  permeability.  The  above  equation  then  reads  as  follows i 


"iad  '  2*f 


(«), 


••  effective  or  shear  permeability  of  the  ferrite,  Q  - 
quality  of  oscillating  circuit. 

If  the  radiation  resistance  of  suoh  an  antenna  is 
to  be  calculated,  we  need  the  effective  height  whioh  la 

heff  -  '25\I  Ktr 


We  thua  obtain 


.  fr  2 
320«4( - Te5^) 


8  ’ 

for  the  radiation  reaistanoe  (of,  aleo  page  2  ), 

What  haa  been  said  above  aleo  gives  some  clues  as  to 
the  dimensioning  of  ferrite  antennae.  In  roaonance  tuning, 
n  must  be  chosen  so  that  a  given  frequency  region  may  be 
covered  with  the  variable  capacitance*  &  cannot  be  chosen 
arbitrarily,  not  even  when  connecting  the  antenna  aperiodically 
with  the  subsequent  amplifier,  beosuae  self-reaonance  phe¬ 
nomena  would  occur  at  a  certain  value  of  induotanoe.  Pie 
given  by  the  cross  section  of  the  ferrite  materia,  while 
Ptor  should  be  chosen  in  accordance  with  the  frequency  region. 


‘eff  ** 


eff 


JL££- 


’  'fl  ('tor-') 
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Htor  la  the  initial  or  toroid  permeability,  I  ii  i  quant? tj 
depending  on  the  ratio  rod  length/diameter.  As  to  the  AimiJn* 
aionln g  of  farrita  antennas  aaa  [l]  ,  [2]  ,  or  [5j  ♦ 

The  following  example  la  given  for  better  undara tending 1 
an  antenna  whloh  haa  bean  used  in  praotioai 

Unsyaaetrlo  VLf  farrita  antanna  for  tha  ragion  1  ...  20  kH*. 
Rod  Bade  of  6  tuba  oorea,  diaaatar  d  -  19  Mat  diaaeter 
of  bora  -  9  an,  aateriali  Siferrit  1100  H  22  with 
1»tor  *  1500,  length  1  •  980  am,  •  480,  n  •  2400 

(8  short  oroaa  winding  ooila). 

lleotrio  data?  L  -  2,19  H,  R  (D.C.)  -  92  ohas,  Af  - 
•  10  Ha  at  9  kHa  and  Af  -  79  Ha  at  10  kHa.  was 

~  500  millivolts  at  »  90  millivolte/n,  l.a.t 

three  tlaas  aa  high  as  tha  theoretical  value  of  an 
alaotrlo  dipole  (of.  introduction). 

Thera  axiat  two  possibilities  of  eliminating  tha  sensitivity 
to  touch.  Tha  first  one  would  be  an  alaotroatatio  shield  by 
■aana  o.r  a  slotted  ooppar  cylinder.  Tha  second  oust  rendering 
the  awter.na  symmetrical  (Rig.  7). 


Jiff.  7 

As  to  tha  dimensioning  of  tae  transducer  see  [llj. 


V,  Field  strength  profiles  and  dlreotional  patterns 


Two  methods  of  measurement  and  evaluation  are  used  for 
studying  the  propagation  mechanism  of  (V)LF  waves t 
1 o  Profile  Beasuronents 

In  this  method,  the  field  strength  is  aeasured  as  de¬ 
pendent  on  the  distance  r  fron  the  transmitter.  Position  of 
antenna  and  antenna  current  are  kept  constant,  l.e.,  the 
effeotive  aoaent  of  the  transmitting  dipole  reaaine  constant. 

Fig.  0-11  show  such  profile  measurements  for  the  TL 
frequencies  of  3  and  10  kHs  L&3  »  Fig.  12  and  1?  show  then 
for  the  L  frequenoy  of  120  kHz  [12I  .  The  oonduotitity  <T  [mhos/a] 
is  used  as  a  parameter. 

2.  Dlreotional  patterns 

A  dlreotional  pattern  is  obtained  by  the  well-known 
aethod  of  measuring  the  field  strength  values  around  the 
transmitting  antenna  at  constant  distance .  Sinoe  this  is 
practioally  impossible  in  a  mine,  the  transmitting  antenna 
was  rotated  and  the  reoeiving  antenna  was  left  at  one  point. 

A  specially  designed  bearing  head  free  of  aetal  [jj]  made 
it  possible  to  find  the  field  strength  oomponents  and  detect 
their  direction  in  space. 

Fig.  14-17  show  directional  patterns  for  the  most 
frequently  ueed  frequencies  of  3  and  10  kHz,  Fig.  19-21  for 
120  kHz.  6~ is  again  given  as  a  parameter. 


VI.  List  of  the  antennae  that  have  bean  ueed 


This  chronological  list  reviews  all  antennas  that 
have  been  built  for  the  VLF  project  and  their  technical  data 
as  far  as  available. 
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Antennendiagramm 

'  =  120  khz  <5  W'^S/m 
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1  o  Transmitting  satesr.as 

S.A.  Vt 

types  Lron-oore  ooil|  iron  rod  lengths  100  cm)  sheet  material  JV) 
Iron  oxoee  seotions  6  os' t  turns  numbers  2  x  96  )  oonduotors 
copper,  2  us  diem.)  induotivitys  5.2  mH;  ohmic  resistances 
185  moha»)  tape  at  t  25  turns. 

3 »A«  II; 

types  ircn-oore  coil)  iron  rod  lengths  100  cms  iron  cross  eeotion 
5.5  cm*  1  turus  numbers  ?  x  450)  oonduotors  copper,  0.75  diem.) 
Inductivity s  80  k»H)  ohmic  resistances  5.1  ohms;  taps  at  t  25 
turns  a 

These  antenna  forme  did  not  perform  satisfactorily,  because  the 
effective  surface  wee  too  small  and  the  losses  in  the  iron  oore 
werue  too  large. 

3. A,  Ills 

types  air-core  ooil)  diameters  98  om;  winding  widths  2  cm)  win¬ 
ding  heights  1  cm)  turns  numbers  40)  oonduotors  oopper,  1.2 
diam.j  induotivitys  3  mH|  ohmic  resistances  1.1  ohma) 

8, A.  IVs 

types  air-oore  ooil)  diameters  1  *5  turns  numbers  100)  con¬ 
ductors  copper,  1  mm  diua.)  induotivlty:  25  mH)  ohmic  resist¬ 
ances  1  ohm)  rigid  frame. 

3. A.  Ts 

types  air-oore  coil)  diameters  1  m;  turns  numbers  60)  oonduo¬ 
tors  oopper,  1  mm  dlam.)  inductivity  1  11  mH)  ohmic  resistances 
5  ohmss  rigid  frame. 

3. A.  Vis 

types  square  frame)  areas  1,4  m*  )  turna  numbers  60)  oonduotors 
oopper-  stranded  wire,  2,3  mm*  ;  inductivity s  15  mH)  ohmic  re¬ 
sistance  t  2.1  ohms | 

In  this  antenna,  the  oopper-s trended  wire  is  welded  as  a  bunch 
in  a  flexible  plastio  hose.  Thus,  the  winding  can  be  removed 
from  the  frame  and  folded  up,  the  frame  itself  being  collapsi¬ 
ble.  Transportation  of  the  antenna  is  therefore  very  easy. 

S.A.  VII s 

types  rectangular  frame)  areas  17  m*  )  turns  numbers  2  x  15) 
conductors  oopper-s tranded  wire,  1.5  ms*  ;  induotivitys  12  mH) 
ohmio  resistances  15.5  ohms; 

This  antenna  was  suspended  in  the  "Bunts  Kluft"  in  St.  Gertrau- 
di  and  could  be  rotated  about  its  vertical  axis. 
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Soio  YIII :  t 

types  equare  loop)  area  t  40  i  40  “  1 ,600  m  )  tarns  numbers  3l 
conductor!  aoppir,  2,5  mm  ;  induativitys  20  mHt  ohmic  resist¬ 
ances  3  ohms. 

In  order  to  attain  these  dimensions,  the  antenna  had  to  be 
firmly  established  at  a  suitable  site  at  8t.  Gertraudi  In  two 
shafts  and  in  two  connecting  galleries, 

S.A.  IXs 

>  3. A,  VIII  with  the  following  modifications »  tarns  numberi  10) 
conduct or i  aluminium,  135  u  . 

Thus  it  was  possible  to  get  antenna  currents  of  up  to  40  am¬ 
peres, 

S.A.  I* 

types  rectangular  frame)  areas  4  x  4  £  16  ■  )  tarns  numbers  10) 
conductors  oopper-stranded  wire,  4  mm  ,  plastic  lnsolated,  spe¬ 
cial  insolation  with  PYC-hose)  inductivity s  1.13  »H)  ohmio  re¬ 
sistances  0.22  ohms)  reeonanoe  frequency*  130  kHt)  resonance 
currents  3.4  amperes)  resonance  voltages  13,000  vpp)  range 
(through  rock)s  1,400  m. 

The  frame  is  fed  from  the  laboratory  to  the  first  turn  via  Le¬ 
cher  wires,  by  means  of  a  1  kW- transmitter. 

S.A.  lit  , 

types  pentagonal  frame,  oollapsible)  areas  1,5  m(  )  turns  num¬ 
bers  16)  conductors  oopper-stranded  wire,  1.6  am  )  inductivi¬ 
ty*  780  pH)  ohmic  resistances  0.8  ohms)  weights  6  kg)  ress'- 
nance  ourrent  (antenna  fed  by  means  of  a  portable  5-v-trane- 
mitter,  described  in  [l2l  )t  1.4  amperes)  resonanoe  voltages 
2,000  vpp)  quality s  185 0 

K.SnP.  Is  t 

types  air-core  coil)  areas  1290  cm  )  turns  numbers  10  )  con¬ 
ductors  copper,  0.8  diam.)  induotivitys  73  PH)  ohmio  resist¬ 
ances  0.49  ohms 

With  this  antenna  a  calibration  field  was  produoed  with  which 
the  field  strength  meters  were  calibrated. 

Helloal  antennas 

y.A.  Is 

lengths  13.6  m)  cross  sections  rectangular,  1  x  1.8  m)  turns 
numbers  161)  pitch*  0.9°)  studied  frequency  ranges  10  - 
600  kHz)  lowest  resonance  frequency*  53  kHz. 
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W, A,  II: 

length!  6.8  dj  cross  oeotiom  rectangular,  1  x  1 .8  turns  num¬ 
ber:  1 6 1  j  pitch!  *v  0.45  «  studied  frequency  range:  4  -  120  kHz} 
lowest  resonance  frequency!  51  kHz, 

W.A,  III! 

length:  13,6  mj  cross  section!  reotangular,  1  x  1 .8  mj  turns 
numberi  312}  pitch!  0.45°}  studied  frequency  range:  400  Hz  - 
250  kHzj  lowest  resonance  frequency!  24  kHz, 

W.A.  IV! 

length:  1.92  m j  cross  section!  circular,  4  cm  dia«, (  turns  num¬ 
ber!  1,068}  studied  frequency  r&ngei  4  -  600  kHz} 

S  1> 

length:  1,93  m;  diameter!  4  cm;  turns  numbsr!  848}  pitohi  **>  0.9°} 
wire  thickness!  0.8  mm;  wire  length:  108  u}  ground  area:  1,250 
cm  |  lowest  resonance  frequency:  1.91  MH*}  quality:  350} 

R0  -  30  ohms  (input  impedance  IZl  •«  R0lf2) 

H  II: 

length:  2  m}  diameter:  l/n  mj  turns  number:  200}  pitch:  *»  0.6°} 
wijpe  thickness!  1,5  nim}  wire  length:  200  m}  ground  area*  1,250 
cm  }  lowest  resonance  frequency:  0.756  MHz}  quality:  41.3} 

R0  -  170  ohms. 

E  1.  submerged  In  water! 

lowest  resonance  frequency!  50  kHz}  quality:  1.4}  Rc  *  75  ohmaj 
H  II.  submerged  in  water! 

lowest  resonance  frequency!  25.9  kHz}  quality:  2.24} 

R0  "  59  ohms. 


The  following  antennae  are  ell  fed  in  the  middle,  without 
grounding.  The  index  W  meana  antenna  submerged  in  water. 


H  848 

H  848  W 

H  200 

H  200  ff 

H  600 

H  772 

H  772  W 

B  1562 

length  [om] 

192.8 

200 

200  . 

202  - 

300 

diameter  [cni] 

4 

l/n. 10* 

l/n. 10 

l/n. 10* 

12.72 

Li  UH/mJ 

0.351 

0,956 

8.86 

14.2 

3.5 

ilw  0bH/«3 

-  II  - 

-  1  — 

-  •«  — 

C_i  [pF/ml 

•  v  1 

45  , 

62 

51  n 

26 

£iw  [P?/*l 

la.e.io^ 

26. 105 

141 .io5 

Z  Dcohms] 

4.6  , 

11.95 

16,7  , 

11.6 

Z*  Qcohme] 

153. 10"5 

194.10° 

322.10° 

fr  [kHz] 

3,462.7 

M52.3 

383.9 

294.2 

553.29 

frw  tlcHiD 

101 

49.0 

5.48 

R0  [ohms] 

35.5 

68.0 

116,0 

85 

65 

R0w  [ohms] 

9i 

70.0 

122 

Q 

208 

102 

183 

518 

282 

^W  r 

2.4C 

4.4 

5.66 

b  [kHz J 

16.6 

11,3 

2.08 

0.925 

1.97 

bw  [LHz] 

42,0 

11  si 

l 

1.5 

- - - — . — 
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2,  Receiving  antennas 
E.A.  II 

type i  ferrite  antenna;  length  of  ferrite  red:  47*5  os*  disas¬ 
ter:  1.5  ca(  oross  seotioni  1  0 77  os  |  turns  nuaber:  2  x  500) 
inductivity:  800  aB)  ohaio  resistance:  135  chms)  shielded 
against  electric  fields  by  aeans  of  aluainina  foil. 

E.A,  II: 

type:  slender  toroidal  solenoid 

Its  electrical  perforaance  data  were  very  unfavorable  ao  that 
it  was  not  used  for  further  aeasureaents . 

E.A.  Ill: 

type:  oylindrioal  coil  without  core)  disaster:  45  oa)  turns 
nuaber:  1,000. 

E.4.  YU 

type:  ferrite  antenna}  five  ferrite  rods  arranged  along  the 
edges  of  a  prisa  with  a  regular  pentagon  as  the  baae  plane, 
turns  nuaber:  5  x  1*600)  ooll  lengths:  15  oa)  inductivity: 

5  x  1.6  H)  ohaio  resistance:  5  x  50  ohas)  optimum  edge  length 
of  the  pentagon:  15  oa. 

E.A.  Y: 

type:  ferrite  antenna)  length:  65  oa)  ferrite  material: 
1100N22  Siemens*  Munich)  turns  nuaber:  5*000)  lnduotivlty: 

2  H)  ohaio  resistance:  135  ohae)  ooil  in  the  aiddle  of  the 
rod. 


E.A.  VI; 

type:  laminated  iron  oore  ooil)  length  of  iron  core:  100  oa) 
iron  core  aade  of  aetal  shfst  strips,  Hyperm  766,  Krupp  Tidla* 
Essen)  cross  section:  6  oa  )  turns  nuabor:  2  x  1,000:  induc¬ 
tivity:  2.2  E)  ohaio  resistance:  5 6  ohae  j  t*-t0r  *  80*000) 

At  the  measuring  frequencies  used  so  far  (5  and  10  kH»)  this 
design  is  not  superior  to  the  types  17  and  V,  At  lower  fre¬ 
quencies*  however,  it  supposed  to  be  parsaount. 

At  the  receiver  input  E  2  [13J  E.A.  IV,  V,  VI  yielded  a  vol¬ 
tage  of  1  pv  at  a  field  strength  of 

f  -  3  *Hs  f  -  10  kHs 

E.A.  17  2.32  x  10":;  0.73  x  10‘J;  Wb/a* 

E.A.  V  6.8  x  10'},  2.42  x  10"},  Wb/a. 

E.A.  71  3.25  *  10’1*  2.63  x  10”1*  Wb/a 


P. Ao  7: 

type:  fsrrits  antenna)  length:  48  cn>)  diameter:  2  oa;  turns 
nuaber:  1,200)  inductivity:  450  aB)  material:  11Q0H22  Siemens, 
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Munioh)  coll  in  the  middle  of  the  rod.  Thie  antenna  was  in- 
ied  ae  a  direction  finder  antenna  in  Cardanio  suspension. 

g.A.  n i 

type:  ferrite  antenna}  length!  40  on)  diaseteri  1.3  om|  turns 
nusbert  2  x  50)  inductivity i  1.7  mH)  material!  550R25  Siemens, 
Munioh,  slotted  rod. 

F.A.  Yin 

typei  ferrift  antenna}  length!  98  cm)  diameter!  2  cm)  turns 
number!  1,200}  coil  in  the  middle  of  the  rod)  material! 

1100JI22  Siemens,  Munich. 


¥JI.  Conclusions 


The  transmitting  and  receiving  antennae  used  for 
VLF  project  studies  have  been  summarised,  Examinations  of 
(V)LF  antenna  properties  shall  be  oontinued  also  In  the 
future.  The  optimisation  of  helical  antennas  is  going  to 
bs  studied  in  a  detailsd  report. 
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